Hexokinase-2 (HK2) was recently found to produce increased metabolic flux through glycolysis in hyperglycemia without concurrent transcriptional or other functional regulation. Rather, stabilization to proteolysis by increased glucose substrate binding produced unscheduled increased glucose metabolism in response to high cytosolic glucose concentration. This produces abnormal increases in glycolytic intermediates or glycolytic overload, driving cell dysfunction and vulnerability to the damaging effects of hyperglycemia in diabetes, explaining tissue-specific pathogenesis. Glycolytic overload is also activated in ischemia-reperfusion injury and cell senescence. A further key feature is HK2 displacement from mitochondria by increased glucose-6-phosphate concentration, inducing mitochondrial dysfunction and oxidative stress. This pathogenic mechanism suggested new targets for therapeutics development that gave promising outcomes in initial clinical evaluation.
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Hexokinase-2 (HK2) was recently found to produce increased metabolic flux through glycolysis in hyperglycemia without concurrent transcriptional or other functional regulation. Rather, stabilization to proteolysis by increased glucose substrate binding produced unscheduled increased glucose metabolism in response to high cytosolic glucose concentration. This produces abnormal increases in glycolytic intermediates or glycolytic overload, driving cell dysfunction and vulnerability to the damaging effects of hyperglycemia in diabetes, explaining tissue-specific pathogenesis. Glycolytic overload is also activated in ischemia-reperfusion injury and cell senescence. A further key feature is HK2 displacement from mitochondria by increased glucose-6-phosphate concentration, inducing mitochondrial dysfunction and oxidative stress. This pathogenic mechanism suggested new targets for therapeutics development that gave promising outcomes in initial clinical evaluation.
Tight Control of Steady-State Concentrations of Glycolytic Intermediates
The metabolism of glucose involves initial uptake into cells by glucose transporter proteins (GLUTs) [1] and conversion to glucose-6-phosphate (G6P) by one or more hexokinase isozymes [2] . G6P is thereafter further metabolized mainly to pyruvate in glycolysis, with a minor fraction metabolized by the pentose phosphate pathway to ribose-5-phosphate. Pyruvate is further metabolized to carbon dioxide in the tricarboxylic acid cycle. Tissues with the highest in situ rates of glucose metabolism, such as brain, heart, and skeletal muscle, have the highest concentrations of glycolytic enzymes. The variation of glycolytic flux in tissues is matched by similar variation of glycolytic enzyme abundance and activity to achieve little change in the steady-state concentration of glycolytic intermediates throughout the body [3] . Within an individual tissue, diurnal variation in the flux of glucose metabolism is also regulated such that in normal metabolic regulation and homeostasis there are only minor increases in glycolytic intermediates with increased rate of glucose metabolism [4] . Why are the steady-state concentrations of glycolytic intermediates so tightly controlled? Here, we describe how abnormal increase of the steady-state concentrations of glycolytic intermediates, from G6P through to the triosephosphates, dihydroxyacetone phosphate (DHAP), and glyceraldehyde-3-phosphate (GA3P), produces abnormal metabolic outflow to multiple pathways which is damaging in diabetes, ischemia, and aging. Wider appreciation and more detailed understanding of this may identify targets for improved drug treatment of disease.
Scheduled and Unscheduled Glycolysis
When is increased flux through glycolysis damaging? We assert that this is when it is unregulated or unscheduled glycolysis. Early-stage glucose metabolism is regulated at four key steps: glucose uptake, hexokinase, phosphofructokinase (PFK), and import and export of lactate [5] ( Figure 1 ). When increased flux of glucose metabolism is required to sustain cellular and tissue processes, the increased metabolism of glucose is regulated. For example, in skeletal muscle HK2 produces increased metabolic flux through glycolysis in hyperglycemia through glucose-mediated stabilization of HK2 to proteolysis.
This produces abnormal increases in glycolytic intermediates or glycolytic overload, driving mitochondrial dysfunction and activation of hexosamine, protein kinase C, and dicarbonyl stress pathways.
HK2-linked glycolytic overload explains tissue-specific pathogenesis in diabetes linked to vascular complications and contributes to pathogenesis in ischemia-reperfusion injury and cell senescence.
This new pathogenic mechanism hypothesis suggested new targets for therapeutic development that gave promising outcomes in initial clinical evaluation.
cells and adipocytes treated with insulin, uptake of glucose is increased through enhanced recruitment of insulin-responsive GLUT4 to the cell surface and coordinated increase in expression and activity of hexokinase-2 (HK2) and activity of PFK [6] [7] [8] . Further downstream in glycolysis, expression and activity of glyceraldehyde-3-phosphate dehydrogenase (GA3PD) is increased [9] . With prolonged increase of glucose metabolism, a moderate increase in G6P occurs, which leads to binding and nuclear translocation of the Mondo A/Mlx/G6P transcription factor complex. This regulates expression of a battery of glycolytic and lipogenic genes with a functional carbohydrate response element (ChoRE) [10] [11] [12] . This provides a further tier of regulation at the initial stages of glycolytic gene expression. The paralog protein, Mondo B or carbohydrate response element binding protein (ChREBP), is dominant in the liver and adipose tissue [13] . By this regulatory control, increase in flux of glucose uptake and metabolism occurs without marked increase in G6P [4] . This is regulated or scheduled glycolysis where tight control of G6P concentration is a critical part of the regulatory machinery.
Recent research suggests that abnormal increase of HK2 plays a key role when control of glycolysis is impaired, as in unscheduled glycolysis. In this case, abnormal increase in G6P and downstream glycolytic intermediates are key players in the tissue-specific chronic pathogenesis of hyperglycemia associated with diabetes, ischemia-reperfusion injury, and potentially, in cell senescence [14] [15] [16] . We call this damaging condition glycolytic overload. The aims of this Opinion red arrows -dysfunctional metabolism in unscheduled glycolysis. Abbreviations: AGE, advanced glycation end-products; 1,3-bis-PG, 1,3-diphosphoglycerate; DHAP, dihydroxyacetone phosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; F-1,6-bis-P, fructose-1,6-bisphosphate; GA3P, glyceraldehyde-3-phosphate; G3P, glycerol-3-phosphate; HK2, hexokinase-2; MG, methylglyoxal; PEP, phosphoenolpyruvate; 2-PG, 2-phosphoglycerate; 3-PG, 3-phosphoglycerate.
article are: (i) to explain the causes and consequences of unscheduled glycolysis and glycolytic overload; (ii) to describe evidence of this in diabetes, ischemia-reperfusion injury and cell senescence; and (iii) to indicate how the HK2-mediated glycolytic overload hypothesis may be reversed in a new approach to pharmacological therapy.
Involvement of HK2 in Unscheduled Glycolysis and Downstream Glycolytic Overload
HK2 has high expression in skeletal muscle and adipose tissue as part of scheduled glycolysis therein [17] . HK2 expression is also often increased in tumors through promoter methylation and amplification of the HK2 gene [18] . Concomitant increased activity of PFK and expression of glucose-6-phosphate dehydrogenase (G6PD) supports increased flux through glycolysis for rapid tumor growth without increase in G6P concentration [19, 20] . HK2 is also expressed in other tissues. It is mostly absent in neurons of the central and peripheral nervous system [17] . Research now suggests that increased HK2 activity is often the initiator of unscheduled glycolysis and downstream metabolic dysfunction driving pathogenesis.
Two unique molecular and functional properties of HK2 (Box 1 and Figure 2 ), compared with those of other HKs, confer an important role in dysregulation of glycolysis. Downstream consequences are mitochondrial dysfunction and activation of multiple pathways of regulatory dysfunction (Box 2). Indeed, when HK2-linked glycolytic overload occurs in hyperglycemia, there is a surge of increased glycolytic metabolites in early-stage glycolysis starting at G6P and reaching as far as DHAP and GA3P. Outflow to linked signaling pathways creates metabolic and cellular dysfunction where there is usually scheduled glycolysis and homeostasis (Figure 3 ). This paradigm was demonstrated in human aortal endothelial cells (HAECs) in model hyperglycemia where cell dysfunction was corrected by reversing glycolytic overload through decreasing expression of HK2. This produces increased HK2 protein and activity with corresponding glucose metabolism without concomitant increase in downstream glycolytic enzyme activities or glycolytic overload. HK2 stabilization to proteolysis by high glucose concentration is mediated by glucose binding to the N-and C-terminal domains increasing stability of the enzyme and masking in the C-terminal domain chaperone-mediated autophagy motif 712 QRFEK 716 from binding to heat shock protein cognate 70 [101, 102] . Stabilization of HK2 to degradation was found in response to high cytosolic glucose concentration in HAECs in primary culture [14] . HK2 has a turnover fivefold higher than that of HK1, so change in HK2 protein abundance may have a marked effect on total hexokinase activity; both hexokinases often operate in situ under glucose substrate saturation conditions [2] .
(ii) Labile Attachment to the Mitochondrial Membrane This is mediated by binding to voltage-dependent anion channels (VDAC) on the mitochondrial outer membrane under normal metabolic conditions of scheduled glycolysis. VDAC provides a conduit for HK2 to access ATP from the intramembrane space of mitochondria for G6P formation [105] . HK2 displacement by increased concentrations of G6P [14, 106] , twofold increase in HAECs in hyperglycemia [107] , and three-to tenfold increase in myocardial tissue in ischemia [32, 33] , impairs ATP utilization, and impairs oxygen consumption analogous to that found under conditions of inhibition of ADP recycling. HK2 is only weakly product inhibited by G6P and its activity in situ is maintained when G6P concentration is abnormally in high in glycolytic overload; so increased formation of G6P continues, exacerbating and prolonging mitochondrial dysfunction [2] . HK2 displacement from VDAC increases mitochondrial membrane potential, forcing the respiratory chain complexes into a reduced state and increasing electron leakage to oxygen with increased ROS formation [108] . A counter-effect, increased attachment of HK2 to mitochondria, is produced by phosphorylation of HK2 at Thr-473 by protein kinase B (PKB/Akt) [109, 110] . Insulin and other growth factor signaling through Akt may, therefore, play a key role in suppressing mitochondrial dysfunction in unscheduled glycolysis. Conversely, when this counter-regulation is diminished, HK2 displacement from mitochondria becomes more facile -as applies to insulin deficiency and insulin resistance in type 1 and type 2 diabetes, respectively [111, 112] .
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HAECs incubated in primary culture in high glucose concentration showed selective increase of HK2 protein without change in HK2 mRNA. Selective increase in HK2 was discovered by quantitative characterization of the cytosolic proteome by label-free quantitative proteomics analysis and validated by western blotting. This was associated with increased flux of glucose metabolism [14] , corroborating outcomes from previous metabolic tracer studies [21] . A metabolic marker of metabolic dysfunction was increased flux of formation of methylglyoxal (MG) and MG-derived advanced glycation end-products (AGEs). The increased flux of formation of MG was proportional to that of increased glucose consumption,~0.05%, and was prevented by correction of increased glucose metabolism by siRNA silencing or pharmacologically induced decrease of HK2 expression. The extent of increase of MG formation was that expected by increased glycolytic flux Box 2. Metabolic Consequences of HK2-Driven Glycolytic Overload (i) Mitochondrial dysfunction leading to increased formation of ROS and oxidative stress [106] .
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(ii) Increased fructose-6-phosphate leading to increased formation of glucosamine-6-phosphate and activation of the hexosamine pathway [113] . (iii) Increased DHAP leading to increased metabolic outflow to glycerol-3-phosphate and diacylglycerol de novo, activating the protein kinase C pathway [114] . (iv) Increased DHAP and GA3P leading to increased formation and concentration of MG, with related formation of MGderived AGEs -the dicarbonyl stress pathway [45] . Increased MG-derived AGEs produce increased protein misfolding and thereby activate the UPR in the cytosolic and endoplasmic reticulum, including increasing downstream inflammatory and prothrombotic mediators [14] . (v) Increased glycogen deposition -HK2 displacement from mitochondria increases glycogen synthesis through metabolic channeling of glucose to glycogen synthesis [106] . Stable isotopic labeling studies indicate that there is discrete channeling of G6P into glycolysis and glycogen synthesis [115] . Abnormal increased glycogen synthesis and deposition is a sensitive metabolic indicator or biomarker of HK2 detachment from mitochondria and related metabolic dysfunction [14] .
and related to increased steady-state concentrations of MG precursors, GA3P and DHAP. Correction of unscheduled glycolysis and glycolytic overload prevented increased glucose metabolism in model hyperglycemia and thereby may correct all metabolic dysfunction [14] .
Evidence of HK2-Linked Glycolytic Overload in Diabetes and IschemiaReperfusion Injury
Key criteria for HK2-linked glycolytic overload are: (i) expression of HK2; and (ii) susceptibility to cytosolic high glucose concentrations -often produced by high affinity glucose transporter uptake of glucose independent on the activity of insulin (GLUT1 and/or GLUT3) in hyperglycemia. Key biomarkers of this process are: (i) abnormal glycogen deposition; and (ii) one or more of the downstream dysfunction pathways linked to glycolytic overload (Box 2) [14] . Inspection of the literature reveals widespread evidence for HK2-linked glycolytic overload involvement in the development of vascular and other complications of diabetes and cardiac ischemia-reperfusion injury ( Table 1 ).
The strongest evidence of involvement of HK2-linked glycolytic overload in cell dysfunction is for endothelial dysfunction in diabetes, microvascular complications of diabetes -diabetic nephropathy, retinopathy, and neuropathy, and diabetic embryopathy. Increased basal expression of HK2 is also linked to rapid progression of diabetic nephropathy [22] . Constituent cell types exhibiting the criteria for susceptibility to HK2-linked driven glycolytic overload are: vascular endothelial cells; mesangial cells, podocytes and tubular epithelial cells of the kidney; endothelial cells, 
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Muller cells and pericytes of the retina; and Schwann cells of the peripheral nervous system. Similar pathogenesis of lower severity is expected in prediabetes.
A further complication of diabetes where HK2-linked glycolytic overload is likely is diabetic embryopathy. Early-stage embryonic cells -up to day 10 postconception for mouse embryoshave mainly glucose uptake by GLUT1 and GLUT3 and HK2-linked glycolysis [23, 24] . From days 2 to 10 postconception of embryo development, glucose metabolism is mainly anaerobic glycolysis -predisposing embryo development to dysregulation in the early-stage glycolysis during this period [25] . All biomarkers of HK2-linked glycolytic overload have been recorded for early-stage embryos in high glucose concentration cultures and experimental diabetic embryopathy: glycogen deposition and multiple downstream pathways of metabolic dysfunction [23, [26] [27] [28] [29] [30] . Moreover, tissue-specific progenitor cells -such as endothelial and cardiac progenitor cells -have similar glucose uptake and HK2 expression. Their dysfunction in diabetes is likely driven by HK2-linked glycolytic overload and also contributes to the development of diabetic complications [31] .
A condition associated with high concentrations of G6P with an as yet pathogenic mechanism that is not fully understood and where improvements in therapy are keenly sought is ischemia-reperfusion injury. In the myocardium, cardiac ischemia following myocardial infarction and cardiac arrest activates glycogenosis. This meets the substrate demand for glycolysis, particularly in switching to mainly anaerobic glycolysis in the restricted nutrient and oxygen flow to the myocardium in ischemia. Glycogenosis is considered to be the major cause of a three-to tenfold increase in G6P concentration in the myocardium in ischemia-reperfusion injury. There is concomitant 
increase in the cellular glucose concentration and dissociation of HK2 from mitochondria [32, 33] . The extent of mitochondrial dissociation of HK2 during ischemia correlated with mitochondrial cytochrome c release and related cell death, reactive oxygen species (ROS) production, and infarct size on reperfusion [34] . A cell-permeable peptide containing the HK2 mitochondrial binding motif that induced displacement of HK2 from mitochondria, TAT-HK2 (TAT peptide, GRKKRRQRRRPQ, is from the transactivator of transcription of HIV), exacerbated cardiac reperfusion injury [15] , suggesting that HK2 displacement from mitochondria is a contributing feature to the pathogenesis. HK2 protein was increased and increasingly displaced from mitochondria in ischemia-reperfusion injury of patients with diabetes. For many years the source of increased ROS formation in cardiac ischemia-reperfusion injury was under intense debate where mitochondrial dysfunction was identified as a key source but the initiation mechanism was unclear [35] . Reevaluation of the pathogenic mechanism of reperfusion injury after cardiac arrest in terms of HK2-linked glycolytic overload may lead to improved treatments.
Similar pathogenesis may apply to reperfusion injury following ischemia in the kidneys -a particular problem in kidneys donated for transplantation after cardiac arrest where there is often long exposure to ischemia. Renal ischemia leads to impairment of tubular epithelial cell function, development of acute kidney injury and poor outcomes post-transplantation [36] . An examination of glycolytic overload remains to be performed but MG-linked dicarbonyl stress appears to be a pathogenic feature [37] .
Increased HK2 in Hypoxia May not Produce Glycolytic Overload
There is a hypoxia response element in the gene promoter region of the HK2 gene and hence HK2 expression is increased in hypoxia through activation and binding of hypoxia-inducible factor (HIF)1 [38, 39] . HK2 activity in hypoxia is also increased by Tp53-induced glycolysis and apoptosis regulator (TIGAR) [40] . Hypoxia-induced increased expression of HK2 may be considered as a potential driver of glycolytic overload. HIF1 and related hypoxia-activated HIF2, however, also induce expression and activity of downstream glycolytic enzymes -PFK-muscle type (PFK-M), regulatory enzymes 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 and -4, aldolase, triosephosphate isomerase (TPI), and GA3PD [38] . This suggests that, unlike in glycolytic overload where only HK2 activity is increased, in hypoxia the flux of glucose metabolism may increase without an increase in G6P and other glycolytic intermediates because of a coordinated increased onward rate of metabolism of glycolytic intermediates [41, 42] . A remaining potentially insidious effect, however, is the down regulation of glyoxalase (Glo)1 in hypoxia [43, 44] -the major enzyme that metabolizes and detoxifies MG [45] . The steady-state concentration of MG and related AGE formation may thereby increase in hypoxia and may contribute to increased MG concentration of hypoxic adipose tissue in obesity [46] .
HK2-Linked Glycolytic Overload in Cell Senescence
HK2-linked glycolytic overload may be a key mediator of cell senescence. Extended culture of human MRC-5 embryonic lung fibroblasts and human dermal BJ fibroblasts produces a gradual slowing of increase in cumulative population doubling level as replicative senescence is approached [47, 48] . It has long been known that there is a progressive increase in glucose consumption with cumulative cell population doubling level, characterized by a marked threefold increase in glucose consumption and sixfold increase in hexokinase activity during the onset of senescence [49] . This was attributed to increased HK2 expression, as judged by increased HK2 mRNA and protein, and total hexokinase activity in senescent human fibroblasts was reported previously [49] [50] [51] . The approach to senescence is characterized by mitochondrial dysfunction, oxidative stress, dicarbonyl stress, and deposition of glycogen [16, [52] [53] [54] . Decrease of HK2 expression on the approach to senescence was achieved by repeated treatment with sulforaphane -an activator of transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2),
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which regulates expression of a battery of cytoprotective genes through binding to regulatory antioxidant response element (ARE) in target genes [55, 56] . A likely key target was induction of G6PD expression, which has a functional ARE in the promoter region, which in turn decreases G6P by diverting it into the pentose phosphate pathway [20] . This suppressed senescenceassociated glycolytic overload, prevented oxidative stress and delayed senescence [16] .
HK2-linked glycolytic overload explains increased glycolysis, mitochondrial dysfunction, oxidative stress, and glycogen deposition in senescence and delay of senescence by glucose, caloric restriction, and caloric restriction mimetic compounds [16, [52] [53] [54] . It thereby adds to current hypotheses of cell senescence, improving explanations for key experimental observations [57] . The relevance of replicative senescence to human aging is claimed through the observation of increased β-galactosidase activity, a biomarker of senescence, in the skin of elderly people [58] and association of cell senescence in human disease [57] . Indications of increased susceptibility to glycolytic overload in aging are: increased steady-state concentrations of G6P and other glycolytic intermediates in skeletal muscle and liver of aging mice [59] ; the involvement of mitochondrial dysfunction in senescent features of the aging phenotype [60] ; and likely contribution of decreased G6P concentration to the delay of onset of age-associated pathological and physiological changes by experimental caloric restriction [61] .
Improved Explanation for Tissue Susceptibility to Damaging Effects of Hyperglycemia, Glycogen Deposition, Circumvention of the 'Hexokinase Block', and Metaflammation
There is evidence that some cell types and related tissues are resistant to HK2-linked glycolytic overload. In skeletal muscle and adipose tissue, glucose uptake and metabolism may be faster than in other tissues damaged by HK2-linked glycolytic overload [17, 62] . There are, however, high concentrations of glycolytic enzymes, including hexokinases, TPI, and GA3PDH, in skeletal muscle and adipose tissue, and increased glycolysis is regulated by insulin such that increased G6P and triosephosphate concentrations are avoided [3] . High basal levels of TPI, GA3PDH, and Glo1 [63] , may also explain the relative protection of skeletal muscle from dicarbonyl stress in type 2 diabetes where Glo1 expression is decreased [64] .
Neurons of the central nervous system (CNS) may be thought potentially susceptible to unscheduled glycolysis since they exhibit relatively high rates of glycolysis and high affinity glucose uptake by GLUT1 and GLUT3. Indeed, consistent with expected increased neuronal glucose concentration of the CNS in diabetes, we found increased fructosyl-lysine content of brain cytosolic protein in experimental diabetes [65] . CNS neurons are mainly protected for glycolytic overload by the absence or low expression of HK2 [17] . The short length of axons in the CNS also confers markedly lower dependence on oligodendrocytes for functional support of axons than the profoundly longer axons of the peripheral nervous system on Schwann cells. The latter are also susceptible to HK2-linked glycolytic overload in hyperglycemia. This may confer susceptibility of the peripheral nervous system to pathogenesis in hyperglycemia and explain the high prevalence of peripheral neuropathy and absence of CNS encephalopathy in diabetes [66] .
For the first time, therefore, the HK2-linked glycolytic overload hypothesis explains tissue susceptibility to the damaging effects of hyperglycemia, providing a rational basis for locations in the body where there is susceptibility to the damaging effects of hyperglycemia and development of the complications of diabetes. It also explains the abnormal deposition of glycogen at sites where complications develop, why basal HK2 expression may be a risk predictor of complications progression, the mechanistic basis for resistance of vascular complications of diabetes to antioxidant therapy, and the mechanistic basis for circumvention of the 'hexokinase block' -increased glucose metabolism induced by high glucose concentration when hexokinases present, HK1 and HK2, are saturated with glucose substrate. The latter effect -a longstanding and apparently intractable problem in diabetes research now resolved -is produced by glucose-induced stabilization of HK2 to proteolysis, increasing turnover number of HK2, and increased hexokinase activity [14] . Related to this, GLUT1 (and/or GLUT3) glucose uptake is a criterion for glycolytic overload but not rate-limiting for glucose metabolism under the normal range of expression. There is evidence for increased GLUT1 expression in endothelial cells in persistent hyperglycemia [67] but this does not exacerbate HK2-linked glycolytic overload because HK2 is the rate-limiting step in this process. HK2-driven glycolytic overload also contributes to immune-metabolic dysregulation of lipotoxicity and metaflammation (Box 3). These features are unexplained by current hypotheses.
Improved Approaches to Therapy by Targeting Hexokinase-2 Driven Glycolytic Overload
A key prediction of the HK2-linked glycolytic overload hypothesis is that the initiating metabolic event -increased HK2-catalyzed glycolysis -is not susceptible to inhibition by antioxidants. This may explain disappointing outcomes of clinical trials with antioxidant intervention for treatment of vascular complications of diabetes [68] [69] [70] . The hypothesis implicates increased HK2 protein and G6P concentration as key initiators of pathogenesis. A test of the hypothesis is to suggest and evaluate therapeutic agents designed to counter this pathogenic mechanism.
One approach to therapeutic intervention is prevention of the accumulation of G6P and displacement of HK2 from mitochondria. This may be achieved by inducing increased expression of G6PD and diverting G6P to the pentose phosphate pathway. This corrects increased HK2 protein by decreasing ChoRE-linked expression of HK2 at sites susceptible to glycolytic overload. Mediated by the Mondo A/Mlx/G6P functional complex, decreasing G6P is expected to curb expression of HK2 and other ChoRE-regulated genes [10] . Mondo A/Mlx/G6P also induces expression of thioredoxin interacting protein (TXNIP) -a key mediator of insulin resistance in type 2 diabetes and contributor to vascular inflammation [10, 71, 72] . Mondo A/Mlx is also bound to the mitochondrial outer membrane and is released for translocation to the nucleus by increased G6P concentration [73] , therefore, antiglycolytic and anti-lipogenic gene expression is expected (Figure 3) . Induction of G6PD expression was achieved by the combination of trans-resveratrol and hesperetin (tRES-HESP), which synergize to activate Nrf2 and induce expression of G6PD via a functional ARE [74] . tRES-HESP normalized HK2 protein levels, glucose consumption, formation of MG, and other dysfunction of HAECs in model hyperglycemia [14] . Importantly for in vivo studies, HESP inhibits intestinal glucuronosyl transferases, facilitating uptake and bioavailability of tRES and HESP when coadministered. This circumvents the poor bioavailability of tRES that has stymied previous attempts to translate health benefits of tRES from the experimental to clinical setting [75] . In a recent clinical trial in overweight and obese subjects, tRES-HESP treatment for 8 weeks decreased MG, suppressed vascular inflammation, and reversed insulin resistance; whereas the placebo had no effect [74] . A similar effect of inducing expression of G6PD Box 3. Contribution of HK2-Driven Glycolytic Overload Hypothesis to Immuno-metabolic Dysregulation of Lipotoxicity and Metaflammation (i) Explains activation of MondoA/Mlx/G6P transcriptional activity, which has a key role in prolipogenic transcriptional signaling, lipid balance, and lipotoxicity [109, 116] . (ii) Provides a mechanism of increased oxidative and MG-mediated lipoprotein modification, contributory drivers of the proatherogenic transformation of low-density lipoprotein and destabilization of high-density lipoprotein in dyslipidemia and 'response to injury' hypotheses of atherosclerosis [103, 104, 117] . (iii) Provides a contributory driver to immuno-metabolic dysregulation of lipotoxicity through increased cellular MG as a physiological activator of the UPR, producing increased inflammatory response and chronic metabolic inflammation or metaflammation [14, 118] .
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was available in human skin fibroblasts by treatment with the dietary activator of Nrf2, sulforaphane -found in broccoli. Chronic treatment with sulforaphane, once weekly, at concentrations similar to those achieved through dietary broccoli consumption, decreased HK2 expression and glucose consumption and delayed cell senescence [16] . Further optimization of small molecule inducers of G6PD expression may produce improved approaches to treatment of disease where HK2-linked glycolytic overload is implicated in the pathogenic mechanism and provide improved dietary supplements for healthy aging.
Precedent of Damaging Increase of Glycolytic Intermediates: Triosephosphates and Formation of MG
The highest expressed glycolytic enzymes in mammalian tissues are TPI and GA3PD, which catalyze the interconversion and metabolism of reactive triosephosphate glycolytic intermediates, GA3P and DHAP, respectively [3] . Triosephosphates undergo trace level spontaneous degradation to the reactive dicarbonyl metabolite, MG. MG is an endogenous mutagen and impairs proteome integrity, with activation of the unfolded protein response (UPR) or stimulation of proteome repair when proteome damage is excessive [14, [76] [77] [78] . High expression of TPI and GA3PD keeps steady-state concentrations of GA3P and DHAP at low levels and thereby minimizes the flux of formation of MG. In human cells in primary culture, degradation of triosephosphates to MG accounts for only~0.05% glucose metabolism [14, 79] . When glycolytic flux is increased in response to insulin, G6P/Mondo A/Mlx or HIF signaling, concomitant increased expression of GA3PD serves to maintain low concentrations of triosephosphates and MG formation. This provides a precedent of how regulation of glycolytic enzyme expression serves to minimize an increase in steady-state concentrations of potentially damaging glycolytic intermediates and metabolites derived therefrom.
Concluding Remarks
HK2 expression emerged as a prerequisite for glycolytic overload in cellular metabolism and high G6P concentration a contributing mediator to downstream metabolic dysfunction. G6P is, perhaps, an unlikely insidious metabolite. The tight regulation of enzymes involved in the formation and onward metabolism of G6P, however, suggests that mechanisms of control of metabolite concentrations in glycolysis have evolved to keep G6P concentration below levels that displace HK2 and Mondo A/Mlx from mitochondria and thereby avoid the related potentially damaging consequences. In hyperglycemia, ischemia, and cell senescence, this protective control may be lost and increased HK2 and G6P initiate metabolic dysfunction leading to tissue damage. The hypothesis of HK2-linked glycolytic overload provides an improved explanation of pathogenic mechanisms and experimental observations associated with the development of vascular complications of diabetes and prediabetes, diabetic embryopathy, tissue progenitor cell dysfunction in diabetes, ischemia-linked reperfusion injury, and cell senescence. It also provides a route to new therapeutics through induction of G6PD expression, which may have benefits beyond those previously often-considered limited to antioxidant effects. The hypothesis now deserves further testing through experimental investigation, mathematical modeling of glycolytic metabolism, and G6PD inducer pharmacological agent development and evaluation (see Outstanding Questions). A tractable strategy for the latter is through small molecule activators of Nrf2 and induction of G6PD expression through binding Nrf2 to the functional ARE in the G6PD gene promoter. 
